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ABSTRACT

A new design for a thin film heat flux sensor is presented. It is easier to fabricate than previous

designs, for a given heat flux has an order of magnitude larger signal, and is more easily scalable than

previous designs. Transient and steady state data are also presented.

INTRODUCTION

Heat flux is one of a number of parameters, together with pressure, temperature, flow, etc., of

interest to engine designers and fluid dynamicists. There are various designs of heat flux sensors, such

as Gardon gauges (Ref. 1), plug gauges (Ref. 2), and thin film thermocouple arrays (Ref. 3). The thin

film types have the advantage of high frequency response and minimal flow disturbance (Ref. 4).

All heat flux sensors operate by measuring the temperature difference across a thermal

resistance. Current designs use thermocouples to measure this temperature difference. Because of the

small temperature differences involved, and the small output of a single junction, the thermocouples

are arranged as a thermopile (Fig. 1). This raises the output by a factor of 30 to 100, depending on the

number of junctions in the array. Nevertheless, the signal level is still low, typically a few

_tV/(Watt/cm2). In addition, the precise alignment required to place each thermocouple element

correctly makes fabrication difficult, and restricts the minimum size to about a fourth of an inch in
diameter.

Thus we seek a design that retains the advantages of thin films, has a larger output, is easier to

fabricate, and can be made smaller.

FABRICATION

The new sensor design consists of a Wheatstone bridge deposited onto a 0.040 in. (1 mm)

alumina substrate. Since one is fabricating a resistor array rather than a thermocouple array, this

design is much simpler to fabricate than other designs. Alumina is chosen because its thermal

conductivity is relatively high (higher than some metals) so that the sensor will not change the thermal

resistance and thus distort the measurement. Alumina also has good high temperature properties, and is

inexpensive.

The temperature sensitive element is sputter deposited platinum, with line width and line

spacing typically a few thousandths of an inch. Platinum also has excellent high temperature

properties, and the variation of its electrical resistance with temperature is well characterized. The

alumina is washed with soap and DI water, solvent cleaned, dried, and then the pattern applied using a
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newly developedphotolithographytechnique. On the singlesidedgauges,approximately5_tmof
silicondioxideis sputteredoverdiagonallyoppositearmsof thebridge.

DESCRIPTION, PRINCIPLE OF OPERATION
Severalvariations of the new heat flux sensor are shown in figures 2 and 3, in both single sided

and double-sided designs. In all cases, the sensor consists of a four active arm Wheatstone bridge, two

arms of which are covered by an extra thermal resistance. In the two-sided designs, the substrate upon

which the sensor is mounted acts as the extra resistance, and in the one sided designs, the extra

resistance is sputtered or electron beam deposited over two of the arms. The bridge itself is made of a

material with a high temperature coefficient of resistance, such as platinum or nickel.

With no heat flux applied to the sensor, all of the bridge elements (A, B, C and D in figures 2

and 3) are at the initial temperature To, and have resistance R0. With the application of heat flux, the

two elements of the bridge not covered by the layer of thermal resistance (B and C) are at a surface

temperature designated Ts, and the other two elements under the film of thermal resistance (A and D)

are at the temperature T_ < Ts. The resistance of the elements are then respectively R0[l+_(Ts-T0)]

and R0[I+_(T_-T0)], where _ is the linear temperature coefficient of resistance.

If the bridge excitation is V volts, the output from one arm is

V2=V
Ro [1 +_(Ts -To)]

Ro [1 + _(Ts - To)]+ Ro [1 + _(TF - To)]

and from the other arm is

Vl=V
Ro [1+_(TF - To)]

Ro [1 + _(Ts - To)]+ Ro [1 + _(TF - To) ]"

Notice that, R0, the initial value of the resistance, cancels.

The instantaneous output from the sensor is then

VSI G ---- V 2 - V 1 -- V _(Ts - TF )

2 + _[(TF- To)+ (T s -To) ]"

Modeling the gauge then consists of calculating the values of T17and Ts and relating them to
the incident heat flux.

STEADY STATE RESPONSE

The gauge is modeled as one-dimensional heat transfer into a two-layer composite as shown in

figure 4. The gauge, of thickness l, is mounted on a heat sink, of thickness L. The interface between

the layers is at x = 0, the surface exposed to the heat flux Q is at x = -l, and the base of the substrate is

at x = L. In the region -l<x<O, the temperature is T1 (x), and the thermal conductivity is kl. In the
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region0<x<L, thetemperatureis T2(x), andthethermalconductivityis k2.ThetemperaturesTI and
d2T

T2satisfythesteadystateheatequation - = 0 andsatisfytheboundaryconditions
dx 2

-k dr1 (x =-1)= Q
1 dx

rl(0)= r2(0 )

aT1kl-- -x(0)=k2 (0)

T_(x =L)=T o

L (L - x) ¢-To so thatThe solution is T 1 (x)= -Q + Q _-2 + TO, T2 (x)= Q k2 ,

Ts = Tl(X =_l)= Q(_l + L__L_]+To'k2) TF = T(0)= Q__2 + To,L Ts _ TF = Q k____,l and for steady state

heat flux, the sensor output is

VSIG

1
V_Q --

kl

Typically, for the two sided gauge,

l = 0.040" = 1.016 x 10-3 m

L = 1" = 2.54 x 10-2m

kl = 36 W/m/K (A1203)

k2 = 15 W/m/K (type 304 stainless)

13= 3.98 x 10 .3 K -1 (Pt).

With a bridge excitation V of one volt and a heat flux Q of 1 W/cm 2 = 10 4 W/m 2,

VSIG m

1.13xlO -3

2.137
- 528 (ktV/V)/0N/cm2).

For the one sided gauge, one would typically sputter approximately 5gm 8i02 (kl = 1.4

W/m/K) over the appropriate arms of the bridge. In this case, the output is approximately 68

(_IV/V)/(W/cm2). These outputs compare favorably with values for commercial gauges, 150

_tV/(W/cm 2) and 8 _tV/(W/cm 2) for high temperature gauges.
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TRANSIENT RESPONSE

In many applications, the transient response of the gauge is of interest. For time varying heat

flux, or while the gauge is coming to equilibrium, it is necessary to find Ts and T17as functions of time.

The temperatures in each layer, the gauge and the substrate, satisfy the heat equation

where

and

_T _2T

9c _t k _X 2 ,

9 = mass density, kg/m 3

c = specific heat, J/kg/K

k = thermal conductivity, W/m/K.

For a semi-infinite plane initially at temperature To, with a constant heat flux Q into the surface

at x --0, starting at t -- 0, the temperature as a function of x and t is

=2Q _/-_- e 4;
X(x,t)-Xo k V OXerfc/ /

where _ = --
k

pc
is the thermal diffusivity, m2/s,

1__2
X

and erfc(x): 1-eft(x): Ie-t_dt
4re0

erfc(0) = 1, and erfc(_,) = 0. (Ref. 5)

is the complementary error function. Note that

Laplace Transforms can be used to find solutions in terms of infinite series of error functions

for the case of planes of finite thickness and for composite planes, but a more practical approach is to

solve the problem numerically. In addition, it is possible to solve such problems as temperature

dependant material properties or time varying heat flux.

A one dimensional finite volume technique (Ref. 6) was used to find the surface and film

temperatures as function of time and position. At the surface x -- 0, a constant heat flux is applied

starting at t -- 0, while at the other surface, x -- L, the temperature is held constant. The model is a layer

of either 0.040 in. (1 mm) alumina for the two sided design or 5gm SiO2 for the one sided design, on

1" (25.4 mm) stainless steel. The time variation is calculated fully implicitly. The temperatures Ts and

T17 are respectively the calculated surface (x -- 0) and interface temperatures.

DISCUSSION

As can be seen from figures 5-8, the gauges exhibit first order response, with the double-sided

gauge having a time constant of approximately 270 gsec and the single sided gauge a time constant of

roughly 7 gsec. These correspond to frequency responses (-3dB) of about 589 Hz and 23 kHz,

respectively. The response of the single sided gauge is comparable to that of the fastest commercial

gauges, with advertised time constants of 6+2 gsec.
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Althoughtestingthe sensorsin relevantenvironmentsis planned,experimentallyverifying
thesenumbersis problematical.As it is difficult to producea stepchangein heatflux, it maybe
necessaryto usetheprocedureusedin ref. 4 to measurefrequencyresponse,thatis, to chopthebeam
from ahighpower laserto producea squarewaveinputto thegauge,measuretherateat whichthe
harmonicsof theoutputsignaldecaywith frequency,andcomparethedecayratewith thatof anideal
systemwith aninfinite frequencyresponse.A thermopiledesignthatshouldhavedynamicssimilarto
our singlesideddesignshoweda frequencyresponseof only a few kHz. This maybebecausethe
insulatorusedin the thermopiledesignwas nearly transparentto the laser light, lesseningthe
temperaturedifference,andproducinga "droopy"squarewaveandlower amplitudeharmonics.The
largeamountof metal in the thermopilealsoreducesthe temperaturedifference. It may alsobe
possibleto testgaugeresponseby usingashocktube,but theheattransfercoefficientis unknown.At
thispoint,numericalsimulationmaybethebestoption,atleastforcomparingdesigns.

CONCLUSION

We have described in this paper a thin film heat flux sensor that is simpler to fabricate than

previous gauges, has higher output, and excellent transient response.

Construction of the double sided and single sided designs is ongoing, and in the near future we

will be able to compare the predicted and actual gauge outputs.
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Figure 1" Thermopile-Based Thin Film Heat Flux Sensor (Heat Flux is into the picture).
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Figure 2: Double-Sided Thin Film Wheatstone Bridge Heat Flux Sensor.
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Figure 3: Single-Sided Thin Film Wheatstone Bridge Heat Flux Sensor.
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Figure 4: Schematic of One-Dimensional Heat Transfer into a Two-Layer Composite.
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Figure 5: Modeled Short-Term Response for a Double-Sided Wheatstone Bridge
Heat Flux Sensor.
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Figure 6: Modeled Long-Term Response for a Double-Sided Wheatstone Bridge
Heat Flux Sensor.
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Figure 7: Modeled Short-Term Response for a Single-Sided Wheatstone Bridge
Heat Flux Sensor.
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Figure 8: Modeled Long-Term Response for a Single-Sided Wheatstone Bridge
Heat Flux Sensor.

NASA/TM--2002-211566 9



Form ApprovedREPORT DOCUMENTATION PAGE
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,

gathering and maintaining the data needed, and completing and review#lg the collection of information. Send corrlments regarding this burden estimate or any other aspect of this

collection of information, including suggestions for reducing this burden, to Washington Headquarters Services. Dhectorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget Paperwork Reduction Project (0704-.0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3, REPORT TYPE AND DATES COVERED

September 2.002. Technical Memorandum

5. FUNDING NUMBERS4. TITLE AND SUBTITLE

Thin Fihn Heat Flux Sensor of Improved Design

& AUTHOR(S)

Gas Fralick, John Wrbanek, and Charles Blaha

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

John H. Glenn Resem'ch Center at Lewis Field

Cleveland, Ohio 44135 - 3191

WU-708-48-13-00

8. PERFORMING ORGANIZATION
REPORT NUMBER

E----13350

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration

Washington, DC 20546-0(101 NASA TM------.2002-211566

11. SUPPLEMENTARY NOTES

Prepared for the 48th International Instrumentation Symposium sponsored by the Instrumentation, Systems, and Automa-

tion Society, San Diego, Calitbrnia, May 5-9, 2002. Gus Fralick and John Wrbanek NASA Glenn Research Center; and

Ch_'les Blaha, Akima Corporation, Cleveland, Ohio 44135. Responsible person, Gus Fralick, organization code 5510,

216-433-3645.

12a, DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified - Unlimited

Subject Category: 35 Distribution: Nonstandard

Available electronically at Ntp://gltrs.grc.n;_sa.gov

"l-his publication is available from the NASA Center for AeroSpace In_brmation, 301-621-0390.

12b. DISTRNBUTION CODE

13. ABSTRACT (Maximum 200 words)

A new design for a thin film heat flux sensor is presented. It is easier to fabricate than previous designs, for a given heat

flux has an order of magnitude larger signal, and is more easily scalable than previous designs. Transient and steady state

data are also presented.

14. SUBJECT TERMS

Heat flux; Thin film sensor

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

NSN 7540-01-280-5500

15. NUMBER OF PAGES

15
16. PRICE CODE

18, SECURITY CLASSiFiCATiON 19. SECURITY CLASSiFiCATiON 20. LiMiTATiON OF ABSTRACT
OF THIS PAGE OF ABSTRACT

Unclassified Uncl assifi ed

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102


